Abstract-Coupling characteristics of directional couplers consisting of two dual-mode highly elliptical-core fibers have been studied in detail using a first-order perturbation approach, and two different designs of a mode filter are proposed. The study shows that the fibers should be polished normal to the minor axis of the core ellipse if the first design principle is used, whereas they should be polished normal to the major axis if the second design principle is used. It is also observed that the later design is much easier to realize in practice.
D
UAL-MODE optical fibers have larger channel capacity and can form more compact interferometric sensors/devices as compared with single-mode fibers [1] , [2] . However, the practical realization of such devices using circular core dual-mode fibers is difficult because they support four second-order modes (even HE 2 \, odd HE21, TE Q i, TMQI) having nearly the same phase velocities, and it is very difficult to excite only one second-order mode. The coupling to more than one second-order mode results in the instability of the intensity distribution of the second-order mode at the output end. This difficulty can be overcome by using highly elliptical-core fibers instead of the circular-core fibers since it is possible to excite only one second-order mode over a certain wavelength range [3] , [4] . As a result, there is a growing interest in the fiber-optic devices using dual-mode highly elliptical-core fibers [5] , [6] . The practical implementation of such devices would require some basic components such as directional couplers and mode fibers using dual-mode fibers in order to combine or separate two spatial modes for signal processing. Sorin et al. [7] have reported a mode filter consisting of two circular-core fibers; one of the fibers supports two modes, whereas another supports a single mode. However, as mentioned above, for two-mode fiber devices, elliptical-core fibers should be preferred over the circular-core fibers.
In the present paper, we have obtained the coupling characteristics of directional couplers, consisting of two dual-mode highly elliptical-core fibers, using a perturbation approach similar to the one used earlier for single- mode elliptical-core fibers [8] . The results of this study are then used to design a modal filter.
II. ANALYSIS
We consider two identical elliptical core fibers interacting along their minor axes (case a) (see Fig. l(a) ) and major axes (case b) (see Fig. l(b) ). The refractive indices of the core and the cladding are «! and n 2 , respectively; a' and b' are their semi-major and semi-minor axes. To study these couplers, we use a perturbation approach similar to the one discussed in [8] , in which an elliptical-core fiber is considered as a perturbed form of an appropriate rectangular-core waveguide whose core area, aspect ratio, and core-cladding refractive indices are the same as those of an elliptical-core fiber. The dielectric constant distribution of the unperturbed rectangular-core waveguide structure (shown by dashed lines in Fig. l(a) ) corresponding to case a can be written as
where n' (x) = «! for | JC | < a = n 2 otherwise; n"{y) = n x for d < \y\ < (d + 2b) = n 2 otherwise. Equations (2a) and (2b), which relate the parameters of the fiber with those of the corresponding unperturbed waveguide, are obtained by assuming that the aspect ratio r( = a' /b' = a/b) and core area of both fiber and waveguide are the same [8] , [9] . Here, 2d' represents the separation between the two elliptical-core fibers along their minor axes. The dielectric constant distributions of the fiber structure shown by solid lines in Fig. l(a) and the corresponding unperturbed waveguide structure differ only in the regions marked 1 to 7 by a small amount 8n 2 , where The effect of this difference is expected to be very small because the fractional power in the marked regions is also small and can be taken into account by the first-order perturbation approach [4] , [8] .
Modes of the unperturbed waveguide denned by (1) are obtained by solving the following wave equation:
Since nl(x, y) is separable in x and y coordinates, (4) can be solved by putting 4>(x, y) = X(x) • Y(y) and using the method of separation by variables. X(x) and Y(y) satisfy the following one-dimensional equations:
B x and B y are the separation constants such that
represents the propagation constant of the mode of the unperturbed waveguide. The solutions of (5a) and (5b) can be written as:
where
Y(y) = A'(exp (y y y) + texp{-y y y))
and a = 0 (or ir/2) for mode symmetric (or antisymmetric) in x, and t = 1 (or -1) for mode symmetric (or antisymmetric) in y. By applying the appropriate boundary conditions (see [10] ), we obtain the following eigenvalue equations:
tan" 
and
Solution of eigenvalue equations (9a) and (9b) provides the value of @ x and B y , and hence /3 0 . The propagation constant B of the mode of the fiber structure can be obtained quite accurately by incorporating the effect of the bn 2 through the first-order perturbation approach [4] , [8] and is given by Since the fibers are dual moded, the structure shown in Fig. l(a) can support E' u , E' n , E' 2X , and £22 (» = x or y) modes, whose propagation constants j3' n , @\ 2 , @' 2X , and 1822 can be obtained quite easily by using ( , the coupler would work as a mode filter. A similar principle is used by Yokohama et al. [11] to fabricate a polarizing beam splitter, where the two modes of each fiber are taken to be the orthogonally polarized fundamental modes instead of two spatial (LP OX and LP XX ) modes; ii) if the ratio (L x /L 2 ) is very large, by selecting the interaction length equal to L 2 , all the power corresponding to the LP XX mode would be transferred to the other fiber, whereas the fractional power F transferred corresponding to the LP OX mode would be given by (15) By making L x /L 2 » 1, F can be made very small so that the coupler works as a mode filter.
IV. RESULTS AND DISCUSSION
In order to obtain the optimum design for a dual-mode elliptical-core fiber-mode filter, numerical calculations for different fiber couplers were carried out. The results for the structure shown in Fig. l(a) between the fibers at V = K,, which is 10 percent above the cutoff of the second-order mode of the fiber for the structure shown in Fig. l(a) . The solid and dashed curves correspond to the aspect ratio (a'/b 1 ) = 2.0 and 2.5, respectively. l(b)) are given in Fig. 4 . In all the calculations, the values of the operating wavelength, n 2 , and b' are taken as 0.633 fim, 1.4573, and 0.5642 /mi, respectively. As mentioned earlier, the mode filter can be achieved using two different design principles. We first discuss the results using the first design principle according to which L x /L 2 = m/n (i.e., 2/1, 3/2, 4/3, etc.), and the interaction length is equal to nL x . In Fig. 2 Fig. l(b) . The solid and dashed curves correspond to the aspect ratio (a'/b') = 2.0 and 2.5, respectively.
expected, the coupling length increases with the increasing d'. It may further be noted that the coupling length ratio / varies almost linearly with d'. From these curves, one can find the required depth and length of polishing to achieve the mode-filtering operation. As an example, to achieve the mode-filtering operation with dual-mode elliptical-core fibers having aspect ratio 2. , the coupling length, and hence the interaction length, is very large, whereas for small /, the separation between the two fibers is impractically small. Hence, an optimum value of / should be chosen to achieve practical values of d' and interaction length nL x of the device. To see the effect of the normalized frequency V on the interaction length of the device and the separation between the two fibers needed for the mode-filter operation, the variation of d' and L x with the V value of the fiber having a'/b' = 2.0 is shown in Fig. 3 . The solid and dashed curves correspond to the coupling-length ratio / = 3/2 and 4/3, respectively. Fig. 3 indicates that d'/b' varies only marginally with V, but the coupling length, and hence, the required interaction length, increases rather rapidly. Fig. 3 also indicates that at lower V values, / = 3/2 provides a reasonable value of the coupling length L, and a relatively large value of d' compared with that for / = 4/3. However, at large V values, L x is much larger for / = 3/2 than that for / = 4/3, and hence, the required interaction length would also be quite large, which may be inconvenient to obtain. Thus, for larger V values, / = 4/3 should be preferred because it will give a reasonable coupling length with better tolerance, even though the separation d' will be relatively smaller.
In Fig. 4 , we have plotted the variation of L x (left side) and coupling-length ratio I (right side) with the normalized separation (d'/b') between the two identical elliptical-core fibers, whose polished surfaces are normal to their major axes (see Fig. l(b) ). Comparing the results of Fig. 4 with those of case a (see Fig. 2 ), one finds that for the same value of depth of polishing d'/b', the value of L 2 is very small in this case, which results in large values of I and tight fabrication tolerance. For example, for fibers with aspect ratio 2, ford'/b' = 1.02, L x is 3.39 mm, and / = 8, indicating that L 2 is just 0.424 mm. Although, L 2 can be increased by increasing d'/b', however, L x increases at a much faster rate than L 2 , resulting in very large values of the required interaction lengths. Further, in contrast to case a, the required values of d' in this case (for a given value of I) decreases as the ellipticity a'/b' of the fiber core increases. Therefore, in this case, the fabrication of a mode filter with highly elliptical-core fibers is very difficult as compared with case a. Thus, using the first design principle, the results predict that for better tolerances, the polished surface should be normal to the minor axis of the fiber.
We now discuss the results using the second design principle, according to which L l /L 2 should be quite large, and the interaction length is equal to L 2 . Looking at the results of both cases (Figs. 2 and 4) , it is evident that for the same value ofd'/b', / has a much higher value in case b as compared with case a. For example, for d'/b '=1.5 and a'/b' = 2.0, the value of/ = 1.45 in case a, whereas in case b, it is 13; for a'/b' = 2.5, the corresponding values of / are 1.35 and 17. This clearly shows that if one uses the second design principle, case b should be preferred, i.e., the fibers should be polished normal to their major axis. This is also clear from Table I , where we have given the calculated fractional powers F coupled with the other fiber corresponding to the LP Oi mode for two different values of d'/b' and a'/b' = 2.0 in the two cases using the second design. Table I also gives an idea about the isolation obtained in such a mode filter and shows that as d'/b' increases, / also increases, and the isolation of the two modes improves.
We would like to mention that in the second design principle, there is only one constraint on the selection of the interaction length L (namely L = L 2 ), whereas in the first design principle, there are two constraints on L (namely L = nL x = mL 2 ) and hence, the second design principle should be much easier to realize in practice. It may be noted that this design predicts the polishing of the fibers in a manner as suggested by Kim et al. [3] .
V. CONCLUSION
The coupling characteristics of directional couplers consisting of two dual-mode highly elliptical-core fibers have been studied in detail using a first-order perturbation approach, and two different design principles for fabricating a dual-mode highly elliptical-core fiber-mode filter are proposed. It is observed that out of the two proposed designs, the simpler one would give better isolation be-
